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STABILITY OF COLD-FORMED STEEL SIMPLE AND 
LIPPED ANGLES UNDER COMPRESSION 
 




The structural analysis of a simple angle under axial compression appears to be 
an elementary and therefore well known problem. However, cold-formed angles, 
especially those with slender legs, present two critical modes: (i) global flexural 
mode, in the case of long members, and (ii) a coincident local-plate/global-
torsional mode (herein dubbed L/T), which is critical for shorter members.  
Recent works indicate that considering the L/T mode as a global mode is too 
conservative, while other works indicate the need for this approach. The present 
work involves an in-depth investigation of the structural response of simple and 
lipped angles subjected to centered and eccentric compression, by means of 
experimental and nonlinear numerical analysis via finite elements. An 
evaluation is made of the initial geometric imperfections, and of the results of 
the following standard procedures: (i) the classical effective width method, and 
(ii) the direct strength method (DSM), in which the angles are not considered 
pre-qualified sections. The results of the experimental analysis and the nonlinear 
numerical analysis with initial geometric imperfections indicate the need to 
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Major advances in fabrication processes have led to the widespread use of steels 
having high mechanical strength and, hence, low thickness. This has given rise 
to various previously unknown modes of buckling that require special attention. 
Theoretical and experimental research has been dedicated to characterizing and 
describing the structural behavior of these elements, seeking economical and 
safe design methods. 
 
Brazil has seen a growing demand for cold-formed steel angles, particularly in 
view of the plentiful supply of thin steel plates and the possibility of obtaining a 
wide variety of dimensions, including angles with unequal legs and lipped 
angles. 
 
Although there are simplified calculation procedures recommended by 
specifications, researchers are not unanimous in considering the coincident 
local/torsional mode as a global mode. Rasmussen (2003) and Young (2004) 
believe the calculation procedures are excessively conservative in this case, 
because they consider the same phenomenon twice: by considering the global 
buckling mode by flexural-torsion, and in calculating the effective width of the 
section. 
 
The local/torsional mode does not occur in lipped angles, which present better 
structural performance, especially insofar as local buckling is concerned. 
However, some authors consider that the standards for the sections are too 
conservative. 
 
In this paper, we present a study of the behavior of simple and lipped angles 
subjected to centered and eccentric compression in order to confirm the need to 
consider the local/torsional mode as a global mode. Options are presented for the 
application of the Direct Strength Method (DSM) incorporated in the North 
American Specification (NAS 2004) as an alternative design method. At this 
point, it is opportune and relevant to evaluate the applicability of the DSM, since 
angles to date are not listed as pre-qualified sections for the method. A nonlinear 
numerical analysis via finite elements is also presented, seeking to evaluate the 
structural response of simple and lipped angles with respect to their sensitivity to 
initial geometric imperfections.  
 
2. Experimental analysis 
 
A series of analyses of cold-formed simple and lipped angles were carried out at 
the University of Sao Paulo at Sao Carlos Campus. The simple angle tests were 
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conducted with the same section as that studied by Chodraui & Malite (2006), L 
60x2.38. The lipped angle tests involved two sections, Le 60x15x2.06 and Le 
100x15x1.50. 
 
Type I, II, III and IV tests corresponded to simple angles, while types V and VI 
involved lipped angles. The mechanical and geometric properties of the tested 
sections are presented in Table 1. 
 
Table 1 – Geometric and material properties 











L 60x2.38 60 - 2.38 358 500 205,000 
Le 60x15x2.06 60 15 2.06 273 392 205,000 
Le 100x15x1.50 100 15 1.50 205 310 205,000 
 
The supports for the type I, V and VI members allowed for rotation in relation to 
the minor axis, restricting rotation in relation to the major axis, as well as torsion 
and warping. The theoretical length (Lr) was taken as being Lmember + 135 mm, 
corresponding to the distance between the axes of rotation of the lower and 
upper supports. The type II members were tests with fixed ends (without 
rotation). The type III and IV members were subjected to eccentric compression 
with the load applied on the flange by means of bolts, one bolt in type III 
members and two bolts in type IV members. 
 
Prior to the centered compression tests, 12.5 mm thick steel plates were welded 
into the ends of the members to ensure contact between the section and the load 
application device. 
 
The theoretical forecasts were based on the NAS (2004) calculation procedure, 
and involved examining the application of the effective width method on angles 
under centered compression. The displacement of the centroid of the gross 
section to the effective section was disregarded, and the strength was calculated 
based (i) on the general case of elastic stability that uses the minimum buckling 
load between flexural and torsional-flexural, and (ii) on the particular case 
which uses only flexural buckling, as recommended by Rasmussen (2003) and 
Young (2004). 
 
Tables 2–4 and Figures 1–5 present the results of the tests, comparing them with 






Table 2 – Comparison of test strengths with design strengths for simple angle  
L 60x2.38 (Fy = 358 MPa) 
Type Lr (mm) 
NAS (2004) Test 








Type I – Pined end conditions about minor axis: 
K2 = 1.0 and K1 = Kt = 0.5
I.1 615 26.7 FT 31.0 L/T 1.16 
I.2 970 26.6 FT 29.0 L/T 1.09 
I.3 1,330 26.4 FT 22.5 L/T 0.85 
I.4 1,685 22.4 F 21.0 L/T 0.94 
I.5 785 26.6 FT 36.1 L/T 1.36 
I.6 1,135 26.5 FT 39.8 F 1.50 
I.7 1,485 26.3 FT 28.5 F 1.08 
Average 1.14 
Standard deviation 0.21 
Type II – Similar type I but with fixed end conditions about both principal 
axis: K1 = K2 = Kt = 0.5 
II.1 615 26.7 FT 40.9 L/T 1.53 
II.2 970 26.6 FT 34.5 L/T 1.30 
II.3 1,330 26.4 FT 30.6 L/T 1.16 
II.4 1,685 26.2 FT 26.7 L/T 1.02 
Average 1.25 
Standard deviation 0.19 
Type III – Eccentric load: angle connected by a single bolt (19mm diameter) 
usual case: K1 = K2 = Kt = 1.0 
III.1 615 26.5 FT 26.1 L/T 0.98 
III.2 970 26.0 FT 22.8 L/T 0.88 
III.3 1,330 25.3 FT 21.9 L/T 0.87 
III.4 1,685 22.4 FT 17.7 L/T 0.79 
Average 0.88 
Standard deviation 0.07 
Type IV – Eccentric load: angle connected by two bolts (19mm diameter) 
usual case: K1 = K2 = Kt = 1.0
IV.1 970 26.0 FT 38.0 L/T 1.46 
IV.2 1,330 25.3 FT 29.0 L/T 1.15 
Average 1.30 
Standard deviation 0.16 
F = minor axis flexural; FT = torsional-flexural and L/T = local/torsional; 
Lr is the pin center to pin center distance for type I, full length of member for type II, 
center of hole to center of hole for type III and center of connection to center of 
connection for type IV. 
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Table 3 – Comparison of test strengths with design strengths for lipped angle         
Le 60x15x2.06 (Fy = 273 MPa) 
Type Lr (mm) 
NAS (2004) Test 








Type V – Pined end conditions about minor axis: 
K2 = 1.0 and K1 = Kt = 0.5 
V.1 510 65.4 FT 76.3 FT 1.17 
V.2 730 56.0 FT 62.5 FT 1.12 
V.3 730 56.0 FT 58.9 FT 1.05 
V.4 1,090 42.4 FT 43.1 FT 1.02 
V.5 1,090 42.4 FT 43.8 FT 1.03 
V.6 1,310 36.2 FT 40.0 F 1.10 
V.7 1,310 36.2 FT 36.9 FT 1.02 
V.8 1,530 31.3 FT 36.5 F 1.17 
V.9 1,530 31.3 FT 32.0 FT 1.02 
V.10 1,750 27.6 FT 27.3 FT 0.99 
V.11 1,970 24.9 FT 25.7 F 1.03 
Average 1.07 
Standard deviation 0.06 
F = minor axis flexural; FT = torsional-flexural and L = local; 
Lr is the pin center to pin center distance. 
 
Table 4 – Comparison of test strengths with design strengths for lipped angle          
Le 100x15x1.50 (Fy = 205 MPa) 
Type Lr (mm) 
NAS (2004) Test 








Type VI – Pined end conditions about minor axis: 
K2 = 1.0 and K1 = Kt = 0.5 
VI.1 535 42.2 FT 32.1 L 0.76 
VI.2 535 42.2 FT 48.8 L 1.16 
VI.3 635 40.1 FT 40.4 FT 1.01 
VI.4 635 40.1 FT 43.8 FT 1.09 
VI.5 735 37.8 FT 39.9 FT 1.06 
VI.6 735 37.8 FT 47.5 FT 1.26 
VI.7 1,135 28.1 FT 25.1 FT 0.89 
VI.8 1,135 28.1 FT 24.0 FT 0.85 
Average 1.01 
Standard deviation 0.17 
F = minor axis flexural; FT = torsional-flexural and L = local; 
Lr is the pin center to pin center distance. 
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NAS:2004 [min(flexural and torsional-flexural buckling)]


















 Tests - Type I (L/T)
 Tests - Type I (F)
 
Figure 1 – Simple angle tests type I compared with NAS (2004) 
 







NAS:2004 [min(flexural and torsional-flexural buckling)]


















 Tests - Type II (L/T)
 
Figure 2 – Simple angle tests type II compared with NAS (2004) 
 







NAS:2004 [min(flexural and torsional-flexural buckling)]


















 Tests - Type III (L/T)
 Tests - Type IV (L/T)
 
Figure 3 – Simple angle tests types III and IV compared with NAS (2004) 
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NAS:2004 [min(flexural and torsional-flexural buckling)]


















 Tests - Type V (FT)
 Tests - Type V (F)
 
Figure 4 – Lipped angle tests type V compared with NAS (2004) 
 






NAS:2004 [min(flexural and torsional-flexural buckling)]


















 Tests - Type VI (L)
 Tests - Type VI (FT)
 
Figure 5 – Lipped angle tests type VI compared with NAS (2004) 
 
With regard to the simple angle, most of the members were found to present 
torsional-flexural buckling, herein dubbed the local/torsional mode. In the type I 
test (Figure 1), two members presented flexural buckling, but this was not a 
frequent occurrence. The fact that this mode was present may be attributed to the 
initial geometric imperfections of the members, since different panoramas can 
lead to distinct buckling modes. The type II tests (Figure 2) indicated that the 
strength of the members was slightly higher than the strength calculated from 
the NAS (2004), especially that of the shorter members. However, the results 
were inferior to the calculated values considering only the particular case of 
flexural buckling. In the tests with eccentric loading, all the members displayed 
local/torsional buckling. Note that the members with loading applied by only 
one bolt showed lower results than the values calculated by NAS (Figure 3). In 
the case of loads applied through two bolts, there was a significant increase in 
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the strength, because in this case, the bolts provided some restriction to rotation 
of the extremities. 
 
The lipped angles showed torsional-flexural buckling and flexural buckling 
modes in the type V members (Figure 4). An interesting fact was that members 
of the same length presented different buckling modes but very similar 
strengths. The experimental results were very close to the values calculated 
according to the NAS (2004). The type V members showed local buckling and 
torsional-flexural buckling modes (Figure 5). The results presented a greater 
variability in relation to the values calculated according to the NAS (2004), 
showing some unconservative results, unlike the experimental results reported 
by Young (2005), for which the NAS (2004) proved highly conservative. 
 
3. Numerical analysis 
 
The numerical simulations of this work were carried out with the ANSYS 
program. Two elements were used: the SHELL 181 element to model the 
member, and the SOLID 45 element to model the end devices. 
 
To insert the initial geometric imperfections, an eigenvalue analysis was made to 
identify the critical modes separately, i.e., the local/torsional and flexural global 
modes for the simple angle, and the local, torsional-flexural and flexural modes 
for the lipped angle. 
 
Starting from the strained configuration of each of the critical modes selected for 
each case, a criterion was adopted to expand or reduce this amplitude, thereby 
obtaining a new geometry of all the nodes of the grid of finite elements of the 
members. It should be noted that there was overlapping of the imperfections, 
always seeking the most unfavorable combination. 
 
The results of the statistical analysis presented by Schafer & Peköz (1998) were 
used for the localized imperfections, i.e., imperfections in stiffened elements and 
lip stiffened or unstiffened flange. For the simple angle, type 2 imperfections 
were adopted for the coincident local/torsional mode, while for the lipped angle, 
type 1 imperfections were adopted for the local mode and type 2 for the 
torsional-flexural mode. Imperfection magnitudes were selected at 25% and 
75% probability of exceedance.  
 
For the global flexural imperfection, the value of L/1500 was adopted due to the 
great variability of results presented in the literature.  
 
Tables 4 and 5 present the results of these analyses. 
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Test Local/torsional imperfection d2/t = 0.64(1) d2/t = 1.55(2) 












I.1 615 L/T 31.0 L/T 29.7 L/T 26.2 L/T 
I.5 785 L/T 36.1 L/T 29.2 L/T 26.6 L/T 
I.2 970 L/T 29.0 L/T 28.4 L/T 26.2 L/T 
I.6 1135 L/T 39.8 F 27.2 L/T 25.2 L/T 
I.3 1,330 L/T 22.5 L/T 25.5 L/T 23.5 L/T 
I.7 1,485 L/T 28.5 F 23.9 L/T 21.9 L/T 
I.4 1,685 F 21.0 L/T 21.3 L/T 19.6 L/T 
II.1 615 L/T 40.9 L/T 49.7 L/T 50.5 L/T 
II.2 970 L/T 34.5 L/T 41.0 L/T 42.0 L/T 
II.3 1,330 L/T 30.6 L/T 37.3 L/T 38.5 L/T 
II.4 1,685 L/T 26.7 L/T 34.9 L/T 36.5 L/T 
III.1 615 L/T 26.1 L/T 30.1 L/T 30.3 L/T 
III.2 970 L/T 22.8 L/T 27.6 L/T 27.4 L/T 
III.3 1,330 L/T 21.9 L/T 24.3 L/T 23.5 L/T 
III.4 1,685 L/T 17.7 L/T 19.1 L/T+F 18.6 L/T+F 
IV.1 970 L/T 38.0 L/T 35.0 L/T 34.7 L/T 
IV.2 1,330 L/T 29.0 L/T 28.5 L/T 28.0 L/T 
(1) 75% probability of exceedance 
(2) 25% probability of exceedance 
F = minor axis flexural 
L/T = local/torsional 
 
In general, the results of the nonlinear numerical analysis in which imperfections 
of 0.64t were adopted for the local/torsional mode and L/1500 for the global 
flexural mode were very coherent with the experimental results (Table 4). A 
comparison of the experimental results of type I members against the values of 
the numerical analysis showed an average of 1.12, with 0.88 ≤ Ptest/PFE ≥ 1.46. 
For the type II members, the experimental results were slightly lower than the 
numerical ones, presenting an average of 0.81, with 0.76 ≤ Ptest/PFE ≥ 0.84.  
Moreover, the members displayed little sensitivity to initial imperfections.  The 
experimental results of the type III members were slightly lower than the 
numerical values, with an average of 0.88, with 0.83 ≤ Ptest/PFE ≥ 0.93. For the 
type IV members, these values were 1.09 and 1.02 for the two tested members. 
An interesting fact observed in the numerical analysis of the simple angle was 
that, upon adopting local/torsional imperfections, regardless of their amplitude, 
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the members consistently presented local/torsional buckling, regardless of the 
global flexural imperfection adopted. 
 










Local and torsional-flexural 
imperfections 
d1/t = 0.14(1)   
d2/t = 0.64(1) 
d1/t = 0.66(2)    













V.1 510 FT 76.3 FT 59.7 FT 47.0 L+FT 
V.2 730 FT 62.5 FT 52.0 FT 41.3 L+FT V.3 58.9 FT 
V.4 1,090 FT 43.1 FT 39.3 FT 32.4 FT V.5 43.8 FT 
V.6 1,310 FT 40.0 F 32.6 FT 27.8 FT V.7 36.9 FT 
V.8 1,530 FT 36.5 F 27.4 FT 23.5 FT+F V.9 32.0 FT 
V.10 1,750 FT 27.3 FT 23.3 FT 20.4 FT+F 
V.11 1,970 FT 25.7 F 20.2 FT 18.0 FT+F 
VI.1 535 FT 32.1 L 42.4 L 34.6 L+FT VI.2 48.8 L 
VI.3 635 FT 40.4 FT 40.0 L+FT 30.7 L+FT VI.4 43.8 FT 
VI.5 735 FT 39.9 FT 39.8 L+FT 31.0 L+FT VI.6 47.5 FT 
VI.7 1,135 FT 25.1 FT 26.1 FT 21.2 FT VI.8 24.0 FT 
(1) 75% probability of exceedance 
(2) 25% probability of exceedance 
F = minor axis flexural  
FT = torsional-flexural 
L = local 
 
As Table 5 indicates, the results of the numerical analysis with imperfections of 
0.14t, 0.64t and L/1500 for the local, global torsional-flexural and global 
flexural modes, respectively, were more coherent with the tests, presenting an 
average of 1.19, with 1.10 ≤ Ptest/PFE ≥ 1.33 for the type V members, while the 






Reference stress: Fy=358 MPa 
Half-wavelength: mm 
4. Direct Strength Method (DSM) 
 
Two options for application of the DSM are presented here. Under option 1, for 
the global mode, the minimum between flexural and torsional-flexural is 
considered, which is the coincident local/torsional mode for the simple angle. 
Under option 2, only flexural is considered for the global mode. Because the 
simple angle does not present a defined minimum point, the point where the L/T 
and F curves intersect is used for the local mode (Figure 6). This is considered a 
practical procedure for use in designing. The proposed options are summarized 
in Table 6. 
 
Table 6 – Options for the Direct Strength Method  
 Option 1 Option 2 
L 60x2.38 
Pcre min (L/T, F) F 
Pcrl L/T* L/T* 
Le 100x15x1.50 
Pcre min (FT, F) F 
Pcrl L L 
L = local mode 
L/T = local/torsional mode 
L/T* = point where the curves L/T and F if intersect (Figure 6) 
F = minor axis flexural 
FT = torsional-flexural mode 
 
 







Figure 7 – Stability analysis of cold-formed steel lipped angle (CUFSM) 
Le 100x15x1.50  
 
Table 7 presents the results of the tests compared with the proposed options for 
application of the DSM. 
 
For the simple angle (L 60x2.38), option 1 was more coherent with the test 
results. When compared with option 2, most of the results were found to be 
unconservative, confirming the need to consider the local/torsional mode as a 
global mode. 
 
For the lipped angles, the Le 60x15x2.06 section did not show a reduction of the 
strength due to the local mode. It was therefore impossible to evaluate the 
efficiency of the DSM. For the Le 100x15x1.50 section, option 1 approached the 
experimental results more closely, but most of the values were unconservative. It 
is important to note that this was also the case when comparing the experimental 
results against the values calculated by the effective width method. Because the 
section possesses a very slender flange, the theoretical calculations tend to lead 


















Table 7 – DSM options compared with available tests 
Type Ptest (kN) 





I.1 31.0 26.5 1.17 51.2 0.61 
I.2 29.0 26.4 1.10 41.8 0.69 
I.3 22.5 26.2 0.86 30.9 0.73 
I.4 21.0 22.5 0.93 22.5 0.93 
I.5 36.1 26.4 1.37 47.0 0.77 
I.6 39.8 26.3 1.51 36.9 1.08 
I.7 28.5 26.1 1.09 26.6 1.07 
Average 1.15  0.84 
Standard deviation 0.21  0.17 
II.1 40.9 26.5 1.54 56.7 0.72 
II.2 34.5 26.4 1.31 53.9 0.64 
II.3 30.6 26.2 1.17 50.1 0.61 
II.4 26.7 26.0 1.03 45.5 0.59 
Average 1.26  0.64 
Standard deviation 0.19  0.05 
VI.1 32.1 49.2 0.65 54.9 0.58 
VI.2 48.8 49.2 0.99 54.9 0.89 
VI.3 40.4 46.8 0.86 54.6 0.74 
VI.4 43.8 46.8 0.94 54.6 0.80 
VI.5 39.9 44.2 0.90 54.2 0.74 
VI.6 47.5 44.2 1.07 54,2 0.88 
VI.7 25.1 31.8 0.79 52.0 0.48 
VI.8 24.0 31.8 0.75 52.0 0.46 
Average 0.87  0.70 
Standard deviation 0.13  0.16 
     
5. Conclusions 
 
The results of the experimental tests indicate that it may be unconservative to 
fail to consider the coincident local/torsional mode as a global mode. 
 
Unlike the results reported by Young (2005), in which the NAS (2004) proved 
highly conservative for the lipped angle, the tests carried out in this work were 
very coherent with the values calculated according to that specification. 
 
Two options were analyzed for application of the Direct Strength Method: under 
option 1, the minimum between flexural and torsional-flexural for the global 
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mode and, under option 2, only the flexural mode were considered. Moreover, 
since the simple angle did not present a defined minimum point, the local mode 
was considered the point where the L/T and F curves intercept. The results 
confirm the need to consider the coincident local/torsional mode as a global 
mode for the simple angle. The results also indicate that for the lipped angle, the 
torsional-flexural mode should be considered. 
 
An analysis was made of the sensitivity to initial geometric imperfections in 
order to study their effect on the strength of the members. To insert the initial 
imperfections, the critical modes (from eigenvalue analysis) observed for each 
section were adopted, i.e., the local/torsional and global flexural modes for the 
simple angle; and the local, torsional-flexural and flexural modes for the lipped 
angle. 
 
The values presented by Schafer & Peköz (1998) were used for the amplitude of 
the imperfections adopted for the local, local/torsional and torsional-flexural 
modes. Imperfection magnitudes were selected at 25% and 75% probability of 
exceedance. The value of L/1500 was adopted for the global flexural 
imperfection. 
 
About numerical analysis, the procedure adopted in the work proved to be 
satisfactory. The results with imperfections magnitudes of 75% probability of 
exceedance to the local/torsional mode, local mode, torsional-flexural mode and 
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